The coupled model between trapezoidal cavity and its clamped flexible wall is developed using classical modal coupling theory. Based on the coupled model, the resonance frequencies of coupled system are obtained and compared with the corresponding uncoupled one. Meanwhile, the reason for the variation of resonance frequencies of coupled system modes is analyzed in detail. Then, the response of coupled system is investigated using the acoustic potential energy in the cavity and panel vibration kinetic energy when it is excited by an incident plane wave outside of the cavity. Coupling coefficient between trapezoidal cavity and its clamped flexible wall is proposed to assess the modal matching degree between them. It is shown that the coupling selection is not satisfied except in the axis direction which is parallel to the inclined wall. In addition, a rectangular cavity with a clamped flexible wall is also considered and compared with that of the trapezoidal one.
Introduction
The coupling of a rectangular cavity with a flexible wall has attracted a lot of research, such as the free vibration features, 1 the forced response, 2,3 the noise controlled in cavity, [4] [5] [6] [7] [8] [9] etc. However, the cavity usually takes the form of irregular shape in industrial applications, for example the passenger compartment and aircraft cabin, etc.
For irregular cavity, the classical modal coupling method was usually used to analyze the vibro-acoustic characteristics. The mode shape can be obtained by the normal expanding of its rigid wall bounding regular cavity modes. Based on this analytical method, the modal properties of the acoustic field in irregular cavities were analyzed, for example car cabin, 10 semicircle cavity, and aircraft cabin. 11 When the irregular cavity takes the form of trapezoidal with one inclined wall, the effect of elevation angle of tilted wall on the mode characteristics of rigid wall trapezoidal cavity was researched. 12, 13 The analysis of mode decay times in trapezoidal cavity with an inclined wall was conducted only when the local reactive wall was considered.
14 For the irregular cavity with a simply supported flexible wall, the coupling coefficient was used to reflect the coupling extent between irregular cavity and its flexible wall, and the effect of elevation angle on the coupling coefficient and forced response was analyzed. 13, 15 The flexible wall on the cavity considered above was supposed simply supported along its edges. In addition to classical modal coupling method, a weak form variational-based method was used to construct the coupling model between cavity sound field and its flexible wall. 16 Then, the resonance frequencies of coupled system with the flexible wall subjected to arbitrary restrained boundaries were computed, and the forced response of coupled system was compared with the results obtained by FEM method. But the coupling characteristics between irregular cavity and its flexible wall were still unknown.
The irregular cavity with clamped flexible wall is commonly encountered in industrial applications. However, the coupling characteristics between irregular cavity and flexible wall subjected to this restrained boundaries are quite different from other cases, for example simply supported one. In this paper, the classical modal coupling method is employed to analyze the response of structure-acoustic coupled system consisting of an irregular trapezoidal cavity with a clamped flexible wall; the coupling characteristics are also presented in detail.
The work presented here considers a theoretical investigation into the vibro-acoustic behavior of a trapezoidal cavity with a clamped flexible wall, and the results are compared with that of a rectangular one. The effect of different external excitations acting on the flexible wall on the response of the coupled system is also discussed. The acoustic potential energy and vibration kinetic energy are used to describe the response in the cavity and in the clamped panel, respectively. Modal coupling coefficient between trapezoidal cavity and clamped flexible wall is developed. Compared with the rectangular cavity, the variation of coupling coefficient and the resonance frequencies of panel-and cavity-controlled modes of coupled system are analyzed in detail.
Analytical model of a structural-acoustic coupled system
Consider the trapezoidal cavity with a homogeneous and isotropic flexible wall shown in Figure 1 . The trapezoidal cavity has one tilted wall with the inclination angle a. The flexible wall is located at z ¼ L z and it is clamped along its four edges. The other five walls are rigid.
The vibration control differential equation of the flexible panel under a plane wave excitation p e is
where D, q, h, w are flexible rigidity, density, thickness, and vibration displacement of the flexible panel, respectively. p is the sound pressure which acts on the panel surface inside the cavity and p e is the sound wave outside of the trapezoidal cavity.
Here, the plane wave outside of the cavity is used to active the clamped flexible panel, and p in ¼ p e . The incident plane wave is represented as p in ¼ p in0 exp jxt À jkr ð Þ , where p in0 is the complex pressure amplitude of the plane wave, k is the wavenumber vector, and r is the location vector to the observation point. Here, the sound pressure radiated toward outside of the cavity by the clamped flexible panel is neglected.
Using the classical modal coupling theory, the vibration displacement w x; y; t ð Þ of the flexible panel can be expanded as w x; y; t ð Þ¼ 
The sound pressure p in the trapezoidal cavity can be described by the homogenous sound wave equation as follows
where c 0 is the sound velocity. Similar to the previous investigations, the acoustic field in the trapezoidal cavity can be obtained by the rigid wall modes of its bounding rectangular cavity. 12, 14 The dimensions of bounding rectangular cavity are specified as L x , L y þ L z tana, and L z , and it encloses exactly the trapezoidal cavity as shown in Figure 1 . The mode shape of the bounding rectangular cavity can be obtained by
Equation (7) satisfies the wave equation for bounding cavity, which is described by equations (8) and (9)
where k lmn is the wave number, l, m, and n are mode indices of cavity modes. Utilizing the base function / lmn x; y; z ð Þ , the sound pressure p in the trapezoidal cavity can be expanded as
where P lmn is the modal amplitude of lmn th trapezoidal cavity mode. (L,M,N) are the numbers of the terms to be kept after the truncation of the series. The boundary conditions of trapezoidal cavity take the form of
on the interface between the cavity and flexible panel (11) @p @n ¼ 0 on the rigid wall (12) where q 0 is the air density, and the unit normal vector of the surface of the trapezoidal cavity is n (positive outside).
The vibration velocity of the flexible panel can be obtained by v ¼ jxw, and v x; y; t ð Þ¼ P I i¼1 P J j¼1 u ij x; y ð Þ V ij t ð Þ. Here, V is the modal amplitude of flexible panel. Introducing the modal loss factor g ij of panel, the vibration of flexible panel can be expanded through the mode shape function from equations (1) and (2)
where A f , T ij , M p ij , x ij are the area, the ijth modal decay time, the generalized modal mass, and the natural frequency of the flexible panel, respectively.
When the clamped panel is excited by the incident plane wave p in outside of the cavity, the global modal force can be obtained by
where b 1 ¼ kL x sinh 1 cosh 2 , b 2 ¼ kL y sinh 1 sinh 2 , h 1 and h 2 are the elevation angle and azimuth angle of the plane wave, r is the observation vector on the panel surface. By multiplying equations (6) and (8) with / lmn and p, respectively, equation (16) can be obtained by subtracting the former from the latter and integrating over the trapezoidal cavity
Then, by introducing the modal loss factor g lmn of trapezoidal cavity sound field and using the boundary condition and mode shape expanding, equation (18) can be obtained as the following form
where x lmn is lmnth natural frequency of the bounding rectangular cavity, M a lmn;rst is the general modal mass of the sound field in trapezoidal cavity which is calculated using its bounding rectangular cavity mode, I lmn;rst is the factor which is generated due to the inclined wall and it can be obtained after a coordination transformation from Y and Z to Y 0 and Z 0 (Figure 1 ), A W is the surface area of inclined wall, and L lmn;ij is the modal coupling coefficient on the interface between the bounding rectangular cavity and flexible panel.
Equation (13) can also be written as
By combining equations (18) and (23), the matrix form can be obtained by introducing c ¼ Àjx
Equation (24) can be written as
where (28)
The vibro-acoustic model is constructed through equations (24) or (25), taking into account the elevation angle of cavity and the full coupling between the trapezoidal cavity and its clamped flexible wall. If the external excitation does not exist in the coupled system in equation (24) or (25), equation (25) will be a standard eigenvalue matrix equation. There will be 2 LMN þ IJ ð Þ eigenvalues c U and c
. Then, the resonance frequency f U and the decay time T U60 of Uth acoustic mode can be obtained,
If F 6 ¼ 0, the solution of the coefficient X is the modal amplitude of coupled system through equation (24) or (25). Then, the vibration displacement of the flexible wall and the acoustic pressure in the cavity can be obtained from equations (2) and (10). In order to analyze the effect geometry irregularity on the behavior of vibro-acoustic system, two elevation angles of inclined wall of trapezoidal cavity are considered, including the elevation angle (a ¼ 10 ) and a larger one (a ¼ 45 ). From previous works on irregular cavity, 11-15 the higher irregularity of cavity, the more boundary regular cavity modes are needed to reduce the truncation errors. In subsequent analysis, 588 bounding rectangular cavity modes and 100 flexible panel modes are used.
Results and discussion

Modal coupling coefficient
Modal coupling coefficient is the space matching extent between cavity mode and flexible wall mode on the interfacing surface of cavity sound field and flexible wall. For the rectangular cavity, the coupling coefficient between cavity sound field and flexible wall was analyzed. 1 As for the irregular cavity, Li and Cheng 13,15 studied the coupling coefficients between modes of trapezoidal cavity and simply supported flexible wall. But for the case of clamped flexible wall, the coupling coefficient is still unknown. In this section, the modal coupling coefficient between trapezoidal cavity and clamped flexible wall is proposed. In addition, the variation of coupling selection between them with different elevation angle is also analyzed and compared with the case of regular cavity.
When the cavity is covered by a rigid wall, the eigenvalue equation for trapezoidal cavity can be obtained from equation (18) as
A matrix form equation can be constituted by substituting c ¼ Àjx into equation (30) and it can be shown that 
The eigenvalue and corresponding eigenvector of the trapezoidal cavity can be obtained by equation (31). For the lmnth eigenvalue, c 2 lmn , there is a corresponding set of modal pressure amplitude of rigid wall trapezoidal cavity, P a;lmn ¼ P lmn;1 ; Á Á Á P lmn;LMN ½ T . Then, the mode shape of rigid wall trapezoidal cavity / a lmn can be achieved as
Here, the lmnth modal amplitude of trapezoidal cavity P lmn;rst is replaced by P a lmn;rst . Then, the modal coupling coefficient L a lmn;ij between trapezoidal cavity mode and clamped panel mode is developed as
In order to analyze the effect of elevation wall on the coupling features between sound field in cavity and flexible wall, the coupling coefficients between clamped panel modes and trapezoidal cavity modes with two different flexible wall locations are presented in Tables 1 to 4 . One is that the flexible wall is located at z ¼ L z as shown in Figure 1 , the other is located at y ¼ 0. Compared with the case of the rectangular one, the coupling coefficients between trapezoidal cavity and clamped flexible wall modes are changed. It is shown that:
1. When the cavity is changed from rectangular to trapezoidal with a ¼ 10 or a ¼ 45 , the coupling selection between cavity mode and clamped flexible wall mode is still satisfied in the x directions where the inclination wall is parallel to it. 2. When the elevation angle a ¼ 10 or a ¼ 45 , the coupling selection between cavity modes and clamped panel modes is not valid in y-and z-axis directions, and more clamped panel modes participate in the coupling. Even though the sum of mode indices of trapezoidal cavity and flexible wall is equal to even number in these directions, the coupling coefficient between them may be nonzero. For example, among the researched clamped modes (1,1) ,. . ., (3, 4) , four more, i.e. (1,2), (1,4) , (3, 2) , and (3,4) and cavity mode (0,2,1) when the flexible wall located at z ¼ L z have nonzero coupling coefficients for a ¼ 10 and a ¼ 45 compared with the rectangular cavity as shown in Tables 1 and 2 . As for the flexible wall located at y ¼ 0, among the researched clamped Tables 3 and 4 .
Resonance frequency
Associated with the eigenvalue c 2 lmn from equation (31), the resonance frequency of the lmnth rigid wall trapezoidal cavity mode can then be obtained as f lmn ¼ ffiffiffiffiffiffiffiffiffiffiffi ffi Àc 2 lmn q = 2p ð Þ. As for the clamped flexible wall, the resonance frequency of it can be obtained from equation (37). 17 The first 36 natural frequencies of uncoupled clamped panel and the first 18 uncoupled cavity modes are presented in Table 5 . The location of flexible wall on the cavity considered here and subsequently located at z ¼ L z is shown in Figure 1 f ij ¼ 1 2p 
Compared with the rectangular cavity, when a ¼ 0 , some resonance frequencies of trapezoidal cavity modes are unchanged, for example: (1,0,0), (2,0,0), and (3,0,0), the others are changed with inclination angle, as shown in Table 5 . The reason is that the bounding rectangular cavity mode of trapezoidal cavity Ã; 0; 0 ð Þ where * is a nonnegative integer belongs to the perpendicular grazing mode, I lmn;rst ¼ 0 and the elevation angle a has no effect on the resonance frequency of this type of trapezoidal cavity mode. 12 The variation of the resonance frequencies of some trapezoidal cavity modes, which the bounding rectangular cavity modes belong to nonperpendicular grazing modes Ã; 0; ð Þwhere is positive integer, is very small when a ¼ 10 , and is getting larger when a ¼ 45 , for example cavity modes (0,0,1), (1,0,1), etc. As for cavity modes (0,1,0), (0,1,1), etc. the bounding rectangular cavity modes belong to nongrazing modes Ã; ; Ã ð Þ . Compared with the rectangular cavity, the resonance frequencies of these trapezoidal cavity modes are decreased. This is because that the dimension of cavity in y direction is altered, leading to increase of acoustic wavelengths k lmn f lmn ¼ c 0 =k lmn ð Þ . For the coupled system which consists of a trapezoidal cavity with a clamped flexible wall, Table 6 shows the resonance frequencies of it which can be calculated from equation (25) . As mentioned in Tables 1 and 2 , the coupling coefficients between panel and cavity modes are changed with a. It means that the coupling extent between them may also be changed. As a result, the resonance frequencies of panel-and cavity-controlled modes, as shown in Table 6 , are changed with a compared with corresponding uncoupled ones in Table 5 . And the variation degree is determined by the coupling strength between panel and cavity modes. Focusing on Table 6 . Resonance frequencies (Hz) of panel-or cavity-controlled coupled system modes.
Mode
Resonance frequency
Resonance frequency the resonance frequencies of panel-or cavity-controlled modes, they are either bigger or smaller than corresponding uncoupled ones in Table 5 . For example, the resonance frequencies of panel-controlled mode are (1,1), (2,1), etc. and cavity-controlled modes are (0,1,0), (1,1,0), etc. It is because that the resonance frequencies of panel-and cavity-controlled modes will appear as "push away" phenomena when they interact. 1 In order to verify the accuracy of the solution, the free vibration characteristics of coupled system are calculated with more rigid wall rectangular enclosure modes
. The resonance frequencies of some cavity-controlled modes with different mode numbers are shown in Table 7 . Compared with the solution for the combination of 896 rectangular cavity modes and 169 flexible wall modes, the solution for the resonance frequencies of cavity-controlled system modes using 588 rectangular cavity modes and 100 flexible wall modes meets the requirement.
Forced response of the coupled system
When the clamped flexible wall on the trapezoidal cavity is excited by an incident plane wave outside of the cavity, the response of coupled system is solved using equation (25). The results are compared with the case of the regular cavity one. Here, the time-averaged acoustic potential energy and the time-averaged panel vibration kinetic energy are used to describe the response of cavity sound field and clamped panel.
The time-averaged acoustic potential energy E a and the time-averaged vibration kinetic energy E p of the flexible wall can be calculated by
where superscript H denotes the Hermitian transpose, P ¼ ½P 1 ; P 2 Á Á Á P LMN T and V ¼ ½V 1 ; V 2 Á Á Á V IJ T , M a and M p are the general modal mass matrix of the cavity sound field and clamped panel, respectively. Table 5 . In the meanwhile, the coupling coefficients between them are nonzero as shown in Tables 1 and 2 . The frequencies of peaks which reflect the panel-controlled modes in the acoustic potential energy level curves are almost unchanged with different a. Some cavity-controlled modes in which their bounding rectangular cavity modes belong to perpendicular grazing mode take the same form, for example (2,0,0), etc. The variation of the frequencies of peaks of some cavity-controlled modes in which their bounding rectangular cavity modes belong to nonperpendicular grazing modes is small when a ¼ 10 and getting larger when a ¼ 45 , for example (0,0,1). For the cavity-controlled modes in which their bounding rectangular cavity modes belong to nongrazing modes, the peaks of these coupled system modes are shifted to low frequency, and the variation is getting larger when a increases, e.g. (0,2,1) and so on. As mentioned in Tables 5 and 6 , the left shift of peaks of cavity-controlled coupled system modes are determined by three factors, including the kind of the bounding rectangular modes of cavity, the coupling strength between modes of cavity and flexible wall, and the elevation angle of cavity. Figure 2 (b) shows the panel vibration kinetic energy level with different elevation angles. When the cavity shape is changed from rectangular to trapezoidal with a ¼ 10 or a ¼ 45 , the additional cavity-controlled mode (0,1,0) is evoked. Meanwhile, the additional panel-controlled mode (3, 4) and (1, 4) is evoked when a ¼ 10 and a ¼ 45 , respectively. The reason is the same as mentioned above. When a ¼ 45 , the additional cavity-controlled mode (0,1,1) is also evoked. Compared with the acoustic potential energy in the cavity sound field, the effect of elevation wall on the vibration kinetic energy in the panel is small. Figure 3 shows the sound pressure level in the cavity at x ¼ L x =2 when the excitation frequencies of plane wave are 542, 520, and 405 Hz. As shown in Table 6 , they are corresponding to the resonance frequencies of cavity- controlled mode (0,2,1) when a ¼ 0 , a ¼ 10 , and a ¼ 45 , respectively. Obviously, the (0,2,1) cavity-controlled mode is excited when a ¼ 0 and a ¼ 10 as shown in Figure 3 (a) and (e). When the excitation frequency is 520 Hz with a ¼ 0 and the excitation frequency is 542 Hz with a ¼ 10 , the response of acoustic field cannot be recognized as shown in Figure 3(b) and (d) . The response of acoustic field appears one nodal line in the direction of z-axis when the excitation frequency is 404 Hz with a ¼ 0 and a ¼ 10 . When a ¼ 45 , the cavity deviates more from a rectangular shape, the response of acoustic field cannot be recognized, as shown in Figure 3(g) to (i) .
When the elevation angle and the azimuth angle of incident plane wave are 135 and 45 , the acoustic potential energy level and clamped panel vibration kinetic energy level are presented in Figure 4 . Compared with the normal incident plane wave, more panel-and cavity-controlled modes are evoked when an elevation plane wave acts on the panel. Similar to the normal plane wave, the low-frequency clamped panel-controlled mode (1,1) dominates the response of coupled system as shown in Figure 4 (a) and (b). When the elevation angle a becomes from 0 to 10 , the peaks of panel-controlled modes are almost unchanged. Some cavity-controlled modes, however, are shifted to low frequency, as shown in Table 6 . 
Conclusions
A structural-acoustic coupling model for a trapezoidal cavity and its clamped flexible wall is proposed and the modal coupling coefficient between trapezoidal cavity sound field and clamped panel modes is developed. The coupling characteristics between cavity sound field and flexible wall, and the forced response of coupled system are then analyzed. In addition, the rectangular cavity is considered and compared with the case of trapezoidal cavity. The results show that:
1. Compared with rectangular cavity, there are more clamped panel modes participating in the coupling with trapezoidal cavity modes. The coupling selection between trapezoidal cavity modes and clamped panel modes is not satisfied except in the axis direction which is parallel to the inclined wall. 2. When cavity changes from regular shape to trapezoidal, the variation of resonance frequencies of panelcontrolled modes is only determined by the coupling extent between these panel modes and cavity modes. However, the variation of resonance frequencies of cavity-controlled modes is not only determined by the coupling extent between these cavity modes and panel modes, but also depends on the elevation angle and the kind of the bounding rectangular mode of cavity. 3. The forced response of coupled system is conducted with the excitation of a plane wave. When the cavity becomes trapezoidal from rectangular, more clamped panel-and cavity-controlled modes are evoked. The peaks of some cavity-controlled modes of acoustic potential energy curves versus frequency are shifted to low frequency, particularly for the cavity mode whose bounding rectangular cavity mode belongs to nongrazing mode. Compared with the acoustic potential energy in the cavity, the vibration kinetic energy of the clamped panel is not sensitive of the cavity geometry shape. When the plane wave changes from normal incident to oblique incident, more clamped panel-and cavity-controlled modes are evoked. 
